Aluminium alloys are nonlinear metallic materials with rounded stress-strain curves that are not well represented by the simplified elastic-perfectly plastic material model used in most existing design specifications. Departing from current practice, the continuous strength method (CSM) is a recently developed design approach for aluminium alloy structures, which includes the beneficial influence of strain hardening. The CSM is a deformation-based method and employs a base curve to define the continuous relationship between cross-section slenderness and deformation capacity. This paper explains the background and the two key components of the CSM: (1) the base curve, which is extended herein such that the method covers both non-slender and slender sections and (2) 
Introduction
Aluminium alloys are being increasingly used in building facades, roof systems, moving bridges and structures situated in humid environments. For efficient and economical structural design, it is important to recognize the key characteristics of aluminium alloys and to fully utilise them in design. Aluminium alloys exhibit nonlinear material stress-strain curves with significant strain hardening and reasonable ductility. This study focuses on strain hardening of aluminium alloys at the cross-sectional level and moment redistribution in indeterminate structures at the global system level, neither of which are fully exploited in current aluminium alloy specifications.
The continuous strength method (CSM) was originally developed for stainless steel and carbon steel materials, and is a deformation-based design framework that allows for the beneficial influence of strain hardening. A series of studies [1] [2] [3] [4] [5] have been conducted to develop and improve the CSM in the past decade. Owing to the general similarity of structural behaviour between stainless steel and aluminium alloys, the authors investigated the feasibility of applying the CSM to aluminium alloy structures. The key components of the CSM for aluminium alloy structures are described in this paper, including the base curve and the bi-linear (elastic, linear hardening) material model. Furthermore, for indeterminate structures, the CSM considers the degree of rotation at each plastic hinge, leading to different cross-section capacities at different hinges. The CSM is then used to predict the capacities of aluminium alloy stub columns, simply supported beams as well as continuous beams of a range of cross-section shapes -I-sections, channels, angles and square and rectangular hollow sections (SHS/RHS) with and without internal cross stiffeners. The data set used for comparisons is made up of a collection of test results and numerical simulations from the literature.
There are a number of established aluminium alloy structural design specifications currently available, such as the Aluminum Design Manual [6] , the Australian/New Zealand Standard [7] and Eurocode 9 [8] . These specifications provide design rules for a range of structural components and applications though, in some areas, including the capacity of aluminium alloy compression and flexural members, design provisions are often conservative [9] [10] [11] [12] [13] [14] [15] [16] [17] . In the case of Class 1 and Class 2 cross-sections [8] , this conservatism is largely attributed to the lack of account for strain hardening and moment redistribution. This is recognized in Annex F of EC9 [8] for stub columns and simply supported beams as well as in Annex H of EC9 [8] for continuous beams, where alternative design methods are provided to consider strain hardening and global plastic analysis.
2.
Continuous strength method (CSM) for aluminium alloys
General concepts
The continuous strength method (CSM) is a deformation-based design framework that allows for the beneficial influence of strain hardening. The method is focussed primarily on nonslender sections where local buckling occurs after yielding and hence where additional strength from strain hardening can be exploited [9, 10, 12] . For slender sections, local buckling failure occurs prior to yielding and hence strain hardening is generally not encountered. However, for some non-doubly symmetric slender sections in bending, even if the extreme fiber strain in compression is less than the yield strain, strains significantly beyond the yield strain can be experienced in tension; these strain are accompanied by strain hardening, which can therefore be exploited in design. Examples of such cases include angle sections, channel sections in minor axis bending and T-sections in major axis bending. In light of this, the CSM base curve for non-slender sections [9, 10, 12] is extended to also cover slender sections in this study, thus enabling the CSM to be applied to the full spectrum of cross-section slenderness.
The two main features of the CSM are (1) a base curve defining the level of strain that a cross-section can tolerate as a function of cross-section slenderness, and (2) a strain hardening material model. These two components have been established for structural carbon steel and stainless steel in previous studies [1] [2] [3] [4] [5] . Building on recent proposals [9-12 and 17-18] , developments of a base curve, a suitable strain hardening material model and a global plastic analysis approach for aluminium alloy structures are described in the following sections.
Base curve
The CSM base curve defines the limiting level of strain  csm that a cross-section can endure before failure. It was developed based on both stub column tests and four-point bending tests on carbon steel, stainless steel and aluminium alloys. Different cross-section types such as SHS/RHS, stiffened SHS/RHS, I-sections, angles and channels were all involved in the analyses.
In the CSM, the cross-section slendernessλ p is defined in non-dimensional form as the square root of the ratio of the yield stress f y to the elastic buckling stress σ cr of the section (Equation (1)). The elastic buckling stress can be determined using approximate formulae [19] or numerical tools, such as CUFSM [20] . Both methods take into account the effects of element interaction instead of considering the slenderness of the most slender individual element only; in the present study, the programme CUFSM [20] was used.
The cross-section deformation capacity ε csm /ε y for non-slender sections is defined in a normalised form as the strain at ultimate load ε lb minus 0.2% plastic strain, divided by the yield strain ε y , where ε y =f y /E, with E being the Young's modulus. For stub columns, the deformation capacity is determined with reference to the end shortening at the ultimate load δ u (for sections reaching the yield load) or the ultimate load P u (for sections failing before reaching the yield load), as shown in Equations (2) and (3), respectively, where L is the stub column length, P y =Af y is the yield load and P u is the ultimate stub column capacity. Note that the transaction point between non-slender and slender sections(λ p ≤ 0.68) was identified in [5] and shown to be applicable to aluminium alloy sections in [9] .
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In bending, under the assumption that plane sections remain plane and normal to the neutral axis, there is a linear relationship (=κy) between strain  and curvature κ, where y is the distance from the neutral axis. The deformation capacity of a cross-section in bending is defined in a similar manner as for stub columns, using Equations (4) and (5), where κ el is the curvature at yield, κ u is the curvature at ultimate load, M u is the ultimate bending capacity, M el is the elastic moment capacity and y c is the distance from the neutral axis to the extreme compression fibre.
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The first part of the base curve for non-slender sections of all metallic material is given by Equation (6). The two upper bounds to the CSM limiting strain  csm are 15 y and C 1  u , where C 1 = 0.5 for aluminium alloys, which relate to limiting plastic deformations and avoiding over-predictions of strength using the simplified material model and material fracture, respectively. The data from stub column and four-point bending tests and simulations, which failed by material yielding and inelastic local buckling, are plotted in Figure 1 on a graph of deformation capacity versus cross-section slenderness, together with the base curve. This first part of the base curve, developed for carbon steel and stainless steel, may be seen to also provide a good prediction of deformation capacity for aluminium alloy cross-sections. 
The second part of the base curve is for slender sections of all metallic materials, as given in Equation (7 
Material model
The CSM employs an elastic-linear hardening material model, with a strain hardening modulus E sh varying with material grade. The slope of the linear hardening region is defined on the basis of a line passing through two fixed points: the first point is the 0.2% proof stress f y and the corresponding strain at  y +0.002, and the second point is the ultimate tensile stress f u and a proportion C 2 of the ultimate strain plus 0.2% strain (i.e. C 2  u +0.002). The choice of C 2  u is described in Section 2.3.2, while the addition of the 0.2% strain to the second point during the derivation of the model allows the curve to be shifted back by 0.2% strain, with no change in the slope, such that the final model passes through the points ( y , f y ) and (C 2  u , f u ).
The development of this material model and the choice of parameters are described in the following sub-sections.
Ultimate strain prediction
The strain at the ultimate tensile stress  u is a key factor in the CSM material model, particularly in determining the slope of the strain hardening region. However, in most cases, this value is not reported by manufacturers and thus it is not readily available to designers.
EC9 [8] provides formulae to predict the strain corresponding to the ultimate tensile stress of the material  u , as given in Equations (8) and (9) . A comparison between the EC9 [8] predictive model and collected experimental data for  u [9, 15, 22 and 23] is shown in Figure   2 . The experimental values of ultimate strain  u,test may be seen to be generally lower than the predicted values  u,pred , from EC9 [8] with large scatter. In the present study, a new expression (Equation (10)) is proposed for the predictions of ultimate strain. It follows a similar format to the ultimate strain prediction equation for stainless steel in EC3 Part 1.4 [24] ; the model coefficients (C 3 = 0.13) and C 4 = 0.059) were calibrated based on tensile coupon test results by means of least squares regression. Note that no data with f u /f y ≤ 1.01 was used in the development of Equation (10); this may therefore be considered as the limit of applicability of Equation (10) . The predictions improve significantly for the ultimate strain as shown in Figure 2 . 
(10)
Strain hardening slope
The CSM bi-linear material model contains two parts: the initial elastic part and the linear hardening part ( Figure 3 ). The elastic part is defined by the Young's Modulus of the material E. The strain hardening region has a strain hardening slope E sh , which is defined by Equation (11) . A suitable expression for defining E sh was initially explored by considering two end points at ( y +0.002, f y ) and (C 2  u +0.002, f u ), where C 2 is the proportion of ultimate strain.
With 0.2% plastic strain deduced from both end points, the resulting material model passes through the points ( y, f y ) and (C 2  u , f u ). The value of C 2 was determined from experimental data [9 and 15] with two considerations. The first consideration was to obtain an accurate fit to measured σ- curves; this was achieved through least squares regression. The second was to ensure that the simplified model did not over-predict any experimental σ- curves to a significant degree. A value of C 2 =0.5 was found to satisfy both considerations, with a maximum over-prediction in stress Δd of less than 5% when compared to the collected set of 33 measured aluminium alloy σ- curves [4 and 9] . Note that lower values of C 2 provided an improved least squares fit to the collected test data but higher maximum over-predictions, while the opposite was found for higher values of C 2 . In addition to providing a suitably accurate representation of experimental data, the value of C 2 =0.5 also matches that given in Annex E of EC9 [8] . The proposed CSM material model is therefore consistent with this existing provision. A typical comparison between a measured σ- curve and the CSM material model is shown in Figure 3 .
Global plastic analysis (moment redistribution)
The CSM for indeterminate structures is an extension of the CSM for determinate structures, and provides allowance for plastic moment redistribution. In addition to considering nonlinear material characteristics at the cross-sectional level, the CSM for indeterminate structures [4] employs concepts from traditional plastic design -global plastic analysis.
However, the CSM considers the degree of rotation at each plastic hinge, leading to different cross-section capacities at different hinges. The maximum moment resisted by each crosssection is based on a strain that is proportional to the required hinge rotation. The critical plastic hinge is first identified as the one with the highest hinge rotation demand, and this hinge is assigned its full CSM cross-section moment capacity. The moments at subsequent hinges are determined based on the hinge rotational demand ratios [4] .
Summary of design procedures

General
For all cross-sections to be designed, whether under compression or bending, the limiting strain is determined from the base curve given by Equations (6) forλ p ≤0.68 and Equation (7) for λ p >0.68, whereλ p is calculated from Equation (1).
Cross-section compression resistance
Cross-section compression resistance P csm is subsequently determined from Equation (12) forλ p ≤0.68 and Equation (13) Figure 4 presents the results of stub column tests on square hollow sections (SHS), rectangular hollow sections (RHS), channels and angles, where the test ultimate loads are normalised by the yield limit Af y . The comparisons clearly show capacities in excess of the yield load P y (=Af y ) for the non-slender sections(λ p ≤0.68) and hence the benefit to be derived from strain hardening.
Cross-section bending resistance
Cross-section resistance in bending is determined from Equation (14) forλ p ≤0.68 and Equation (15) forλ p >0.68, with α=2 for SHS and RHS, as well as I-sections in major axis bending andα=1.2 for I-sections in minor axis bending. Figure 5 shows the results of simply supported bending tests on SHS/RHS and I-sections, where the ultimate moments are normalised by the elastic moment capacity M el =W el f y , with W el being the elastic section modulus. The benefits of spread of plasticity and strain hardening may be clearly seen for non-slender sections(λ p ≤ 0.68).
Indeterminate structures
In the case of indeterminate structures, such as continuous beams, benefit can also be derived from strain hardening. Figure 6 shows experimental and numerical ultimate loads F u for beams in five-point bending (i.e. two-span continuous beams with a point load in each span)
normalized by the plastic collapse load F coll . This theoretical load level required to form a plastic collapse mechanism is calculated on the basis of the formation and subsequent rotation of plastic hinges at their plastic moment capacity W pl f y . Figure 6 shows that a number of specimens with semi-compact or even slender sections can achieve ultimate loads close to the theoretical plastic collapse load F coll , while the plastic or compact sections exhibit capacities that are generally well beyond this load level.
The CSM enables collapse loads beyond those determined from traditional plastic design through a systematic exploitation of strain hardening [12, 13] . The CSM design procedure for indeterminate structures is summarised as follows:
(1) Identify the location of the plastic hinges, of number i, in a manner similar to traditional plastic design and determine the respective hinge rotations   ;
(2) Calculate the cross-section slendernessλ p at each hinge position according to Equation (1);
Determine the level of strain that a cross-section can endure ( csm ) from the base curve at each hinge according to Equations (6) and (7); (4) For a given hinge rotation  i , section height H i and strain ratio ( csm / y ) i , calculate the corresponding hinge demands  i :
The critical hinge is identified as the one with the highest hinge demand
, with the strain ratio at the critical hinge now labelled ( csm / y ) max .
The final strain ratios at each hinge location ( csm / y ) hinge,i are then assigned in proportion to the hinge rotation ratios:
Calculate the cross-section bending moment capacity M i at each plastic hinge based on the corresponding strain ratio ( csm / y ) hinge,i , according to Equations (14) and (15).
Determine the collapse load of the system by means of virtual work, whereby the external work done by the applied loads F j acting through virtual displacements  j is equated to that of the internal work resulting from the hinge rotations  i .
Note that if ( csm / y ) max derived from step (4) is less than 3.6 for SHS/RHS, global plastic analysis (Steps (5) - (7)) is not recommended [4] and elastic global analysis should be used. 
Stub columns
Test data on aluminium alloy stub columns from the literature [9, 14-16, 22 and 25-29] are compared with the compressive strengths predicted by the different design methods [6] [7] [8] [9] . A total of 346 experiments have been considered, with a range of cross-section types: 110 SHS/RHS, 203 plain channel sections and 33 angle sections -see Table 1 and Figure 7 .
The mean values of experimental and numerical-to-predicted ultimate loads for the 
Simply supported beams
In this section, the ultimate bending resistances obtained from tests and numerical simulations collected from the literature [10, 13, 23 and 30-32] , are compared with the nominal flexural design strengths predicted by the three international specifications [6] [7] [8] and the CSM for aluminium structures [10] , as shown in Tables 2-3 and Figures 8-9 . Note that the comparisons made with EC9 use the more favourable Annex F approach to enable greater capacities for Class 1 sections by taking account of strain hardening.
Comparisons between the experimental results on simply supported beams (of SHS/RHS and I-sections) and the four design methods are shown in Figure 8 , while a summary of the comparisons with a total of 212 experimental and numerical data is presented in 
Continuous beams
In this section, the aforementioned design methods [6-8 and 12 ] are used to predict the ultimate capacities of a series of five-point bending specimens [11] [12] [13] , and hence to assess the accuracy of the design rules for indeterminate aluminium alloy structures. The comparative results are summarized in Tables 4 -5 and plotted in Figures 10 -11 . The different codified treatments for specimens in various cross-section classes are detailed in Su et al. [12] . The plastic hinge method in Annex H of EC9 [8] is employed herein to obtain more favourable predictions.
By assessing the presented comparative results in Table 4 and Figure 10 for 147 continuous beams of SHS/RHS, it may be seen that the AS/NZS [7] showing the least scatter. 
Discussion
The relative accuracies of the predictions from the four considered methods relate primarily to: (1) the utilization of strain hardening and (2) allowance for moment redistribution. The AA [6] and AS/NZS [7] methods consider neither of these effects, while EC9 and the CSM allow for both, though the improved accuracy of the CSM is attributed to the more rational and consistent deformation-based approach.
Reliability analyses
The purpose of the statistical analyses performed in this section is to validate the reliability level of the existing design methods and the recently developed continuous strength method (CSM) for the design of aluminium alloy stub columns [9] , simply supported beams [10] and continuous beams [12] . Two different analysis approaches -set out by AISC [33] and in EN 1990 [34] -are outlined and utilised in the present study.
AISC approach
The reliability analysis approach set out by AISC [33] uses the reliability index β as an indicator of the design safety level. The calculation procedure adopted herein is detailed in [33] , while the reliability parameters and criteria for aluminium alloy structural members are taken from Clause 1.3.2 of Appendix 1, Part I of the AA Design Manual [6] . The target reliability index for aluminium alloy columns is 2.50 according to the AA [6] requirement. In the present study, the same criterion is also applied to EC9 [8] . Thus, if the calculated reliability index is greater than or equal to 2.50, the design method is deemed to be reliable. 
EN 1990 approach
In EN 1990 [34] , the partial safety factor  M0 is generally taken as the indicator of the design safety level for cross-section resistance. The target partial factor  M0 is recommended to be 1.10 in Clause 6.1.3 in EC9 [8] . A calculated partial safety factor that is lower than 1.10 indicates that a higher degree of reliability exists than that required by EN 1990 for a design formulation. Annex D of EN 1990 provides a set of application rules for carrying out standard statistical evaluations, a review of which has been prepared by Afshan et al [35] .
The values of statistical parameters adopted in the analyses were taken as those recommended in Aluminum Design Manual [6] , namely the material over-strength M m (between 1.00 to 1.10) and the coefficients of variation of yield strength V M (0.06) and geometric properties V F (0.05).
Results
The AISC [33] and EN 1990 [34] provide two commonly used reliability analysis approaches.
The aforementioned design methods [6-10 and 12] were evaluated using both two approaches herein. The key results are presented in Tables 1-5 and discussed in this section.
Stub columns
The reliability indices β were found to be 2.32, 2.61, 2.54 and 2.60 for the AA [6] , AS/NZS [7] , EC9 [8] and the CSM [9, 10 and 12] , respectively, as shown in Table 1 . The AS/NZS, EC9 and the CSM have exceeded the target value of β=2.50 and can therefore be deemed as reliable for aluminium alloy stub column design, while the AA provisions fall marginally below the target value.
Following the EN 1990 reliability approach, the obtained partial factors  M0 were found to be greater than 1.10 for all design methods, as shown in Table 1 , and thus fail to meet the specified requirements. The calculated partial factor  M0 for the CSM ( M0 =1.38) is smaller than the calculated values for the three existing design approaches, and may therefore be considered, on the basis of historical precedent, to be a safe design method for aluminium alloy cross-section in compression.
Simply supported beams
Considering simply supported beams with hollow cross-sections, the reliability index β of the CSM was found to be 2.79 according to the AISC approach, as shown in Table 2 , and may therefore be deemed reliable. Meanwhile, the CSM partial factor  M0 obtained from EN 1990 was 1.27, which is smaller than the values obtained for the AA and equal to the AS/NZS methods, but larger than the value obtained for the EC9 provisions of 1.16 and larger than the target value of 1.10.
Considering simply supported beams with hollow cross-sections and internal stiffeners, the reliability index β is 2.63 for the CSM, as shown in Table 3 , which is greater than 2.50 and thus the CSM was found to be reliable according to the AISC approach.
However, the calculated value of  M0 for the CSM was 1.49, which is substantially greater than 1.10, as were the corresponding values for the other design methods.
Continuous beams
For the continuous beams, the results of the reliability analyses are shown in Tables 4 and 5 for the hollow and cross-stiffened sections respectively. For both cases, the target reliability index of β=2.50 is met for all four design methods according to the AISC method, but all fail to meet the EN 1990 requirements, with required values of  M0 ranging between 1.23 and 1.45.
Concluding remarks
To conclude, the three specifications [6] [7] [8] 
Example 1. Stub column resistance
The CSM predicted capacity of the RHS H70×55×4.2C (where H refers to high strength, C denotes compression and the dimensions relate to nominal cross-section height, width and thickness, respectively) stub column tested in [9] , is determined as follows:
Cross-section dimensions and material properties: Step 4: Determine the limiting CSM stress and predicted ultimate capacity 
Example 2. Continuous beam resistance
The CSM predicted capacity for the SHS H55×70×4.2B5II-R (where B5II denotes five-point bending in loading configuration II, explained below, and R signifies that this was a repeated test) continuous beam tested in [11] , is determined as follows:
Cross-section dimensions and material properties: Step 1: Identify the location of the plastic hinges and determine hinge rotation (refer to Figure   12 )
Step 2: Determine cross-section slenderness f y = 261 MPa, σ cr = 2131 MPa from CUFSM [20] Hence, 261 2131 0 35
   
Step 3: Determine the cross-section deformation capacity Step 4: Determine the strain hardening slope 282 261 693.1 0.5 0.5 0.069 0.004
Step 5: Determine the corresponding hinge demands
The beam is of the same cross-section throughout its length, therefore:
 Hinge1 is the critical hinge.
Step 6: Determine the cross-section deformation capacity at each hinge position 
Step 7: Determine the cross-section capacity at each hinge 
Conclusions
The significance of strain hardening and moment redistribution on the behaviour and design of aluminium alloy structures was explored in this paper. A new deformation-based design approach, termed the continuous strength (CSM), was described, extended and assessed. The two key components of the CSM, which are the base curve that defines the maximum strain that a cross-section can endure and a bi-linear material model, were examined in detail. The base curve was also extended to cover slender cross-sections, enabling the exploitation of strain hardening in some non-doubly symmetric slender sections, which can experience high strains on the tensile side. The CSM has been evaluated against approximately 900 experimental and numerical results, including aluminium alloy stub columns, simply supported beams and continuous beams. Cross-section shapes considered in the present study include square and rectangular hollow sections, both with and without internal cross stiffeners, I-sections, angles and channels. It was shown that the CSM offers more accurate mean resistance predictions and less scatter for both determinate and indeterminate aluminium alloy structures compared to the Aluminum Design Manual [6] , Australian/New Zealand Standard [7] and Eurocode 9 [8] . The improved resistance functions of the CSM enable more efficient design and a more consistent representation of the true structural response. Reliability analyses were also performed on the three existing code provisions and the CSM. All were deemed to satisfy the AISC reliability targets but fall short of the EN 1990 requirements.
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